Bacterial adhesion to and subsequent colonization of surfaces are the first steps toward forming biofilms, which are a major concern for implanted medical devices and in many diseases. It has generally been assumed that strong irreversible adhesion is a necessary step for biofilm formation. However, some bacteria, such as Escherichia coli when binding to mannosylated surfaces via the adhesive protein FimH, adhere weakly in a mode that allows them to roll across the surface. Since single-point mutations or even increased shear stress can switch this FimH-mediated adhesion to a strong stationary mode, the FimH system offers a unique opportunity to investigate the role of the strength of adhesion independently from the many other factors that may affect surface colonization. Here we compare levels of surface colonization by E. coli strains that differ in the strength of adhesion as a result of flow conditions or point mutations in FimH. We show that the weak rolling mode of surface adhesion can allow a more rapid spreading during growth on a surface in the presence of fluid flow. Indeed, an attempt to inhibit the adhesion of strongly adherent bacteria by blocking mannose receptors with a soluble inhibitor actually increased the rate of surface colonization by allowing the bacteria to roll. This work suggests that (i) a physiological advantage to the weak adhesion demonstrated by commensal variants of FimH bacteria may be to allow rapid surface colonization and (ii) antiadhesive therapies intended to prevent biofilm formation can have the unintended effect of enhancing the rate of surface colonization.
Biofilms consist of surface-associated colonies of bacteria (11, 45) and are a major concern for implanted medical devices and in many diseases. They are the dominant mode of bacterial life in nature and exist on biological as well as abiotic surfaces (11, 45) . Eradication of biofilms is more problematic than that of bacteria in the planktonic mode of growth, since biofilms are resistant to innate host defenses (21, 32, 51) , mechanical removal, and antibiotic treatments (6, 52) . Therefore, a more promising strategy that has been proposed is to prevent biofilm formation through interference with the earliest steps of formation (11, 38, 45) . Surface adhesion, defined as the binding of a planktonic bacterium to a surface, is the first step, and it is generally assumed that strong irreversible adhesion is necessary for biofilm formation (9, 14) . The next step is surface colonization, defined as the spread of adherent bacteria across a surface through division. It has been suggested that biofilms can be prevented by restricting these early stages of colonization by blocking specific receptor-ligand interactions with soluble inhibitors or antibodies that block adhesion rather than prevent bacterial growth (39) .
Escherichia coli binding via the protein FimH provides a model system for studying surface adhesion and colonization for two reasons. First, E. coli is the most common cause of both urinary tract infections (22, 23) and biofilms forming on urinary catheters (10, 20, 33) , which can lead to bacteremia and increased mortality (29, 40) . FimH is the most common adhesin (adhesive protein) in E. coli and other enteric bacteria. It is expressed on the tip of type 1 fimbriae and binds to glycoproteins via N-linked oligosaccharides that terminate in single or multiple mannose residues. Natural ligands for FimH include uroplakins on urinary epithelial cells in urinary bladders (4, 19, 25, 30, 31) and immunoglobulin A or mucin in intestines (1, 35) and lungs. FimH has also been shown to mediate adhesion to abiotic surfaces (46) . However, while many of the studies of biofilms have used abiotic surfaces, implanted biomaterials are rapidly coated with glycoproteins that are deposited by bodily fluids and mediate bacterial adhesion (34) . For example, urine contains mannose-containing glycoproteins such as TammHorsfall protein (47) , which can be expected to coat urinary catheters. Thus, the adhesion of E. coli via FimH to mannosylated surfaces provides a relevant model for the formation of biofilms on both urinary catheters and natural tissues in many physiological compartments.
Second, FimH mediates a range of adhesive behaviors that may be important for surface colonization. Most commensal strains of E. coli express FimH variants that bind to mannoseterminated glycoproteins weakly in static or low-shear-stress conditions so that they roll across the surface or even detach (37, 54) . However, increased shear stress causes the bacteria to bind instead in a strong stationary fashion, a phenomenon termed shear-dependent stick-and-roll adhesion (37, 54) which involves a reversible change in behavior rather than a selection of subpopulations. This likely occurs because the drag force on the bacteria at high shear stress induces a conformational change in FimH (reference 55 and P. Aprikian, V. Tchesnokova, B. Kidd, E. Trinchina, O. Yakovenko, V. Vogel, W. Thomas, and E. Sokurenko, submitted for publication) that activates it to form longer-lived bonds (53, 54) , a phenomenon known as catch bonds (18, 53, 59 ). This shear-enhanced stickand-roll adhesion is observed not only when FimH binds to model ligands that terminate in monomannose residues but even when it binds to model ligands such as bovine RNase B (RNaseB) which have high-mannose oligomannose carbohydrate modifications (3M), although the bacteria roll more slowly upon and detach less frequently from the latter surface (37) . A high proportion of pathogenic bacteria contain point mutations that enhance static adhesion to various extents (49, 50) . Since the mutations do not increase high-shear adhesion, some engineered point mutations can cause E. coli to bind so strongly at low shear stress that binding is shear inhibited (37, 54) , similar to what has been shown or assumed for many other adhesins. While it is generally assumed that strong adhesion is advantageous for bacteria, the high conservation and evolutionary dominance of weak FimH adhesion in commensal E. coli (49, 50) suggests that weak shear-enhanced adhesion has advantages to the bacteria. Finally, E. coli FimH is not the only adhesin to display shear-enhanced stick-and-roll adhesive behavior (37) . Thus, E. coli binding via FimH can serve as a model system for two common modes of surface adhesion: shear-enhanced stick-and-roll adhesion and strong shear-independent adhesion.
Here we ask how rolling adhesion, which is associated with weak binding to a surface in the presence of fluid flow, affects the early stages of biofilm formation. In order to compare the evolutionarily dominant weak-binding phenotype with stronger-binding phenotypes, we compare three E. coli strains-one with a typical weak shear-enhanced FimH, one with an engineered constitutively strong binding FimH, and one with a naturally occurring FimH that displays an intermediate level of adhesion relative to the other two. By analyzing videos of colonization by sparsely seeded bacteria, we observed that weak rolling adhesion enhances the rate of early-stage E. coli surface colonization and results in a more uniform surface coverage, while the strong adhesion that is normally assumed to be advantageous results in slower surface coverage and the formation of tight microcolonies. These results suggest that care must be taken when trying to prevent biofilm formation by inhibiting adhesion. Indeed, we found that the addition of a soluble inhibitor to adhesion, methyl ␣-D-mannopyranoside (␣MM), actually enhanced the rate of surface colonization for the strong-binding FimH by allowing the bacteria to roll.
MATERIALS AND METHODS
Preparation of bacterial strains. In order to distinguish between the abilities of bacteria to roll versus stick and other effects of shear stress, we used bacteria that were genetically engineered to express a "FimH-hi" variant that binds strongly even at low shear stress, as well as a "FimH-med" variant that shows an intermediate level of binding. The E. coli strains expressing FimH-wt (a typical commensal FimH variant), FimH-med, and FimH-hi were constructed as described previously by transforming an E. coli K-12 derivative, AAEC191A, from which the fim operon had been deleted (reference 55 and Aprikian et al., submitted), with the recombinant plasmid pPKL114, containing the fim operon with a stop codon that prevents fimH expression, and finally with a pGB2-24-based plasmid containing the indicated variant of FimH. FimH-wt has a sequence identical to that of FimH-f18. FimH-med is identical to FimH-f18, but differs by an S62A mutation and displays binding characteristics that are intermediate in comparison to the two other variants (24, 41, 57) . FimH-hi is equivalent to FimH-j96 with a mutation from alanine to aspartic acid in residue 188 (A188D), which removes the regulatory mechanism that normally keeps the adhesin in a low-binding state in static conditions (Aprikian et al., submitted). (FimH-j96 is slightly higher binding than FimH-f18 due to the V27A substitution [48] .) Other than the differences in FimH, the three E. coli strains are genetically identical. Bacteria were grown in SuperBroth (AMRESCO Inc.) overnight, washed, and brought to 1 ϫ 10 8 CFU/ml in 0.2% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) prior to experiments. All bacteria showed essentially the same planktonic growth rates when grown in shaking baths after this preparation: the FimH-wt, FimH-med, and FimH-hi E. coli strains doubled every 22.5 Ϯ 0.5, 22.7 Ϯ 1.1, and 22.6 Ϯ 1.5 min, respectively.
Coating of plates. Glycoprotein plates were prepared by placing 100 l of 50 g/ml RNaseB (9001-99-4; Sigma) in 0.02 M bicarbonate on glass coverslips for approximately 18 h at room temperature, followed by three successive washes in 0.2% BSA-PBS prior to use in each experiment.
Measuring IC 50 of inhibitor. IC 50 is the concentration of inhibitor required to inhibit adhesion by 50% as a result of blocking specific receptor-ligand binding interactions. Bacterial adhesion to RNaseB-coated wells was measured with a radionuclide adhesion assay (48) in the presence of various concentrations of ␣MM. The number of bacteria prelabeled with radioactive thymidine was determined after a 45-minute incubation. ␣MM does not affect growth rates of planktonic bacteria.
Measuring bacterial adhesion in dynamic conditions. All adhesion (not biofilm growth) experiments were performed at room temperature in PBS-BSA buffer on RNaseB plates in a once-through, nongrowth, shear-controlled flow system. The protein-coated glass coverslips formed the bottom of a parallel-plate flow chamber (2. Other than the differences in the surfaces, these assays were performed as previously described (36) . The bound bacteria were recorded in time-lapse digital videos with the camera shutter held open just long enough to blur out free-floating bacteria. To measure the number of bacteria accumulating, a solution of 10 8 CFU/ml was washed through the flow chamber for 5 minutes at the indicated level of shear stress. To measure the fractions of bacteria that roll at each shear, bacteria were first loaded at 0.01 Pa (0.021 ml/min) for approximately 2 minutes until approximately 100 bacteria were present in order to bind enough bacteria to get statistically significant data even at shear levels that prevent initial attachment. The shear stress was then changed to the indicated level, and after 20 seconds, a 1-minute 1-frame-per-second time-lapse video was recorded. To measure the fractions of rolling bacteria, the positions of bacteria 20 seconds apart were compared, and the bacteria were designated as rolling if they moved more than 1 bacterial radius (approximately 1 m). Essentially no bacteria were observed to detach at any of the measured shears.
Shear-stress-controlled biofilm reactor. A heated parallel-plate flow chamber, an in-line heater, a temperature controller (all from Warner Instruments), and a syringe pump were used to grow bacteria. Figure 1 shows a schematic of the system. Shear stress was varied by adjusting the volumetric flow rate with the syringe pump. The syringe pump was used instead of a peristaltic pump to avoid oscillations in the flow rate, and continual flow was made possible by using two syringes in an alternating-infusion-and-withdrawal mode attached to valves to create a once-through flow environment continuously drawing new bacterial growth medium into the flow cell and expelling used medium for collection in a waste container. To smooth out the high-frequency pulses in flow that still jb.asm.org resulted from a stepping motor syringe pump, compliant silicone tubing was used, and the syringe size was chosen so that the step motor on the syringe pump could be set at a high rate (Ͼ1,000 steps per second). A temperature of approximately 37°C was maintained with the in-line heater, heated parallel-plate flow chamber, and temperature controller. An RNaseB-coated glass coverslip was used as the bottom of the flow chamber (prepared as described above). SuperBroth was used as the bacterial growth medium with 1 g/ml ampicillin and chloramphenicol antibiotics, to which the bacterial strains used in this work were resistant. The initial inoculum concentration of 10 6 to 10 8 CFU/ml was delivered into the flow chamber, and the flow was switched to a low-shear or static condition. When the desired number of adherent bacteria per field of view was achieved (these number were later normalized for comparison between experiments), the source was switched to fresh SuperBroth, and the unattached bacteria were washed out at the shear stress used for that experiment. This seeding protocol typically took 5 minutes. The volumetric flow rate in the Warner Instruments heated parallel-plate flow chamber was 0.38 ml/min for 0.2 Pa, 0.95 ml/min for 0.5 Pa, and 3.8 ml/min for 2 Pa.
Data analysis. The rates of surface colonization were quantified by applying a minimum intensity threshold to the images in MetaMorph to distinguish the bacteria from the surface and then calculating the total area covered by bacteria. The increase (n-fold) was obtained by dividing the total area at each time by that at the start of bacterial growth. The perimeters of the colonies were traced using MetaMorph to record the area and x and y dimensions.
RESULTS
Bacterial adhesion in dynamic conditions. Before measuring the effect of the adhesion on surface colonization, it is helpful to understand how the different bacterial strains bind to surfaces. E. coli bacteria expressing a typical commensal FimH variant (FimH-wt) were studied binding to the 3M ligand, RNaseB, at 37°C. A large number of bacteria bound at low shear, but increased shear stress above 0.05 Pa reduced the number of E. coli cells binding from solution to the 3M surface (Fig. 2, upper panel) . This experiment was also performed with bacteria expressing FimH-med, the strongest-binding phenotype found for clinical isolates of E. coli (24, 41, 57) , and FimH-hi, a variant that is genetically engineered to mediate strong adhesion (Aprikian et al., submitted). Bacteria expressing these stronger-binding FimH variants showed only small differences in the numbers of bacteria adhering in these experiments compared to bacteria expressing FimH-wt, with shear stress inhibiting accumulation for all variants tested.
To see how shear stress and mutations affect the ability of surface-bound bacteria to detach, roll, or bind firmly, bacteria were initially bound at low shear (0.01 Pa) to allow similar numbers to bind in each test, and then they were subjected to various levels of shear stress from 0.01 to 2 Pa. For all FimH variants, none of the bacteria detached within 20 seconds at any shear stress (not shown). At low shear stress, half of the FimH-wt E. coli cells were observed to bind in a rolling fashion in which they moved forward at least 1 bacterial radius over 20 seconds, while the remainder were stationary during this time frame. When the flow was turned up, some of the rolling FimH-wt E. coli cells stopped and bound in a stationary manner (Fig. 2, lower panel) . The fraction that remained rolling decreased with shear stress, and all variants stopped rolling completely if the shear was switched to 2 Pa. Thus, while increased shear prevented FimH-wt E. coli cells from initially binding to the 3M surface (Fig. 2, upper panel) , it increased the strength of binding for FimH-wt E. coli cells that were already bound (Fig. 2, lower panel) . FimH-hi E. coli cells showed reduced rolling at all shears relative to FimH-wt cells and stopped rolling completely at and above 0.1 Pa. FimH-med cells displayed an intermediate behavior in that they rolled more than FimH-hi cells but less than FimH-wt cells.
Effect of rolling adhesion on patterns of surface colonization. In separate experiments, the surface of a biofilm reactor was seeded sparsely with E. coli cells at low shear stress and transferred to nutrient medium at the indicated flow conditions. After 4 h of growth at 0.2 Pa, approximately 20% of FimH-wt E. coli cells rolled at least 1 bacterial diameter during any 1-min period over the entire time course of the video. By the end of 3 h, FimH-wt E. coli cells binding at 0.2 Pa colonized the surface throughout the field of view ( Fig. 3A ; also see Video S1 in the supplemental material). In contrast, when the same number of initially adherent bacteria were allowed to colonize the surface at 2.0 Pa, the bacteria remained in tight microcolonies rather than spreading out as they divided ( Fig.  3B ; also see Video S2 in the supplemental material).
Since FimH-hi E. coli cells mediate stationary adhesion at 0.2 Pa, they allow a test of the effect of stationary adhesion on surface colonization without the other complicating effects of increased shear stress. FimH-hi E. coli cells formed tightly clumped microcolonies similar to those of FimH-wt cells at high shear stress ( Fig. 3C ; also see Video S3 in the supplemental material). FimH-med E. coli, which demonstrated an intermediate strength of adhesion as shown in the lower panel in Fig. 2 , was also grown at 0.2 Pa. After three hours of growth, FimH-med E. coli displayed both tight microcolonies and the movement of individual bacteria outside these colonies, spreading more than FimH-hi E. coli but less than FimH-wt E. coli (Fig. 3D) . Together, these experiments demonstrate that whether strong stationary adhesion was caused by point mutations in FimH or by increased shear stress, E. coli formed tight microcolonies and failed to colonize the bulk of the bare sur- face. In contrast, weak rolling adhesion allowed rapid and fairly uniform colonization of the surface.
Effect of rolling adhesion on the rate of surface colonization. Although the numbers of bacteria binding at the start of the experiments were similar in all cases, the different patterns of colonization appeared to be associated with a difference in the amount as well as in the pattern of colonization by the end of the 3 hours. In order to quantify the difference, the rate of surface colonization was measured by calculating the percentage of surface area covered as a function of time while the bacteria proliferated and colonized the surface. These measurements were then normalized to show the increase (n-fold) in surface colonization, since the experiments had slightly different numbers of initially adherent bacteria. After the first 120 min, a clear difference was observed between the weakly and strongly adherent bacteria, and this difference grew to up to threefold by just 180 min. This was true whether strong adhesion was caused by increased shear stress or by point mutations in FimH (Fig. 3E) . These experiments suggest that weak rolling adhesion offers a quantitative advantage over strong stationary adhesion when it comes to colonizing a surface.
Dynamics of colonization. In order to determine how rolling contributed to the different rates of surface colonization, it was necessary to observe the movement and division of individual cells-that is, the dynamics of colonization-during the time course of the experiment. To do this, we grew the biofilms in the same conditions but this time recorded the time-lapse videos at a higher magnification. Figure 4A shows images taken every 20 min of the colonization of the surface in a region containing one of the initially seeded cells. As these weakly adherent bacteria divided, they moved slowly in the direction of fluid flow, so that many bacteria detached from or rolled out of the region but others remained and some even rolled in from upstream. By 120 min later, there were about 16 cells in the region. Because of this rolling, a different region that initially contained no bacteria soon became indistinguishable from the seeded region in terms of the number of colonizing bacteria (Fig. 4B) . In contrast, FimH-hi E. coli cells moved very little when they divided (Fig. 4C) . After 120 min, the region around the initially seeded bacteria was densely populated with a confluent layer of around 50 to 100 bacteria. However, the regions that did not initially contain any of the initially seeded bacteria remained empty (Fig. 4D) .
The effect of adhesive strength on the rate of surface colonization raises the question as to whether adhesive strength affects the rate of division for adherent bacteria in some unknown manner. To test this, the time was measured between divisions for individual FimH-wt and FimH-hi E. coli cells grown on the surface at moderate shear stress (0.2 Pa). Both variants showed an initial lag before the first bacteria divided that may reflect a slow response to the presence of growth medium after overnight growth to the stationary phase followed by prolonged exposure to PBS. However, after this time, bacteria expressing FimH-wt divided at a mean time of 20.2 Ϯ 0.9 min (n ϭ 30, standard error of the mean reported), while bacteria expressing FimH-hi divided every 21.0 Ϯ 0.6 min (n ϭ 28). That is, the rates of division were the same within statistical significance and were essentially unchanged from the rates of division in the planktonic state (see Materials and Methods).
In order to understand what might limit the rate of surface colonization of strongly adherent bacteria, we measured the sizes of several microcolonies of FimH-hi bacteria growing at 0.2 Pa. The growth in the area of the microcolonies is shown in Fig. 5A , starting at the time when the initial cell began to divide; the predicted exponential growth given the measured doubling time is indicated. While the microcolonies at first grow as predicted, they fall below this growth rate by approximately 4 doubling times, when they have about 16 cells (Fig.  5A ). At this time, some of the bacteria are completely surrounded on the surface by other bacteria, and as they divide daughter cells can be seen to rise up above the surface and either detach or create a three-dimensional microcolony.
While the phase-contrast videos are not well designed to distinguish between these two fates, either situation means that the newly divided cells that are not on the colony periphery are not contributing to the total surface area that is colonized. The radii of the microcolonies increased linearly once they contained about 16 cells (Fig. 5B) . Longer periods of time. To see whether the observations about the rates and patterns of colonization extend to longer periods of time, FimH-wt E. coli cells and FimH-hi E. coli cells were grown for 8 h. In these experiments, the field of view was seeded with exactly one bacterium. A FimH-wt biofilm was grown for 8 h at the moderate shear stress of 0.5 Pa. The entire field of view was colonized through steady spreading (Fig. 6A) . Under the same conditions, the FimH-hi E. coli strain produced a very different biofilm. Observation of many fields of view showed that each initial bacterium grew into a single large microcolony over time (Fig. 6B) . As the microcolonies became three-dimensional, the cells which were not in contact with the surface sometimes rolled off in clumps and either disappeared downstream or contributed to the size of the microcolony by attaching to the surface at the downstream edge of the microcolony. At the end of 8 h, the microcolonies were longer in the direction of flow than in the cross-flow direction. New bacteria, presumably detaching from other microcolonies, occasionally bound in the field of view and began to grow additional microcolonies. Nevertheless, even after 8 h, this strain had not colonized the entire surface and remained in microcolonies.
Effect of inhibiting adhesion. To investigate whether a soluble inhibitor can reduce surface colonization, methyl ␣-Dmannopyranoside was added to the growth medium for both the FimH-wt and FimH-hi strains after the initial bacteria were seeded on the surface. When the shear-enhanced strain was grown at 0.2 Pa with 5 mM ␣MM in the bacterial growth medium, the rate of colonization decreased (Fig. 7A) . When bacteria divided in the experiment with inhibitor, they would often disappear from the field of view and presumably were washed out of the flow chamber, and the resulting surface colonization was sparse (compare Fig. 5B to Fig. 3A) . This is consistent with the expectation that inhibitors of adhesion will cause bacteria to detach or fail to attach and thus inhibit surface colonization and biofilm formation.
In contrast, the rate of colonization for FimH-hi E. coli actually increased when inhibitor was added (Fig. 7A.) In the presence of inhibitor, this strain showed a somewhat uniform coverage (Fig. 7C ) that was similar to that observed with the weak rolling adhesion of the FimH-wt strain. Moreover, individual FimH-hi E. coli cells could be observed to roll on the surface during growth in the presence of inhibitors. This result is in contrast to the expectation that inhibiting adhesion will decrease surface colonization and shows that the partial inhibition of adhesion can induce a rolling behavior that can actually enhance the rate of colonization. To determine whether the different effects of inhibitors could be due to different IC 50 s for the two variants, we tested the inhibition of E. coli adhesion to 3 M in static conditions in simple nongrowth assays. We found that the IC 50 values for ␣MM were 15.9 mM for the FimH-wt strain and 1.9 mM for the FimH-hi strain. While there is a difference in IC 50 values for the two strains, it is opposite from what would be expected to cause the different effects on colonization-that is, even a sub-IC 50 concentration of inhibitor was sufficient to lower colonization by FimH-wt bacteria, while even super-IC 50 concentrations of inhibitor were not sufficient to lower colonization by FimH-hi bacteria and instead increased the rate of colonization.
DISCUSSION
We observed that the strength of adhesion affects the manner and rate at which bacteria colonize a surface in flow conditions. FimH-hi bacteria, which have a high binding strength even in the absence of flow, formed tight microcolonies and showed a limited ability to spread into areas of the surface that were initially bare of bacteria. In contrast, FimH-wt bacteria passively rolled across the surface in the presence of flowing fluid, distributing over large areas fairly evenly, while FimHmed bacteria showed intermediate behavior. Since the environmental conditions and genetic backgrounds of the bacteria in these experiments were identical, these differences in the patterns of colonization were entirely due to the difference in FimH structure. Similar differences were observed when adhesion was strengthened by increasing shear stress instead of by altering FimH structure.
The strength of adhesion affected the rate as well as the pattern of colonization. It was shown that the strength of adhesion did not affect the rate of cell division, which remained the same within statistical error for all variants in planktonic or surface growth modes. It could also be observed that the strength of adhesion had no apparent effect on the size of the adherent bacteria. Thus, adhesive strength must alter the rate of surface colonization via a mechanism other than the rate of growth or division of E. coli cells. It is possible that the growth of strongly adherent bacteria is limited because they spread across the surface primarily through growth and division, while weakly adherent cells can roll to find uncolonized surface.
The ability of a bacterium to translocate across a surface in the presence of fluid flow is a passive form of mobility which relies on external force provided by fluid flow. Active forms of surface mobility, including type IV pili-mediated twitching motility (27) and flagellar motility (12, 39, 42, 44, 56) , have been shown to be important for biofilm formation for E. coli (12, 42, 58) as well as for other bacteria, such as the well-studied Pseudomonas aeruginosa (27, 39, 44, 56) . In many cases, motility was necessary neither for initial attachment nor for growth of the three-dimensional biofilm but rather for the spread of the bacteria across the surface (27, 42, 56) . In the presence of fluid flow, it may become increasingly difficult for bacteria to move under their own power and increasingly convenient to utilize external forces, so that passive mobility could be most useful in these conditions. Other forms of passive mobility, including sliding motility on agar (2, 16) and slippery attachment on abiotic stainless steel (28) , have also been reported to increase the rate of colony formation. However, our study is unique in showing weak receptor-mediated adhesion to a surface coated with biomolecules in flow and thus is relevant for medical biofilm formation. The advantages of weak rolling adhesion should be applicable to any receptorligand pair and should not be limited to shear-enhanced stickand-roll adhesion via FimH. While it remains to be determined how the dramatic differences seen in the initial patterns of growth will affect the structures of mature biofilms, these other motility factors have been shown to affect the final structure of biofilms as well (3, 26, 27, 58) .
It has recently been shown that entire microcolonies can tear away from biofilms in fluid flow and roll slowly along a surface without detaching from it (43). Like the rolling described here, microcolony rolling would also provide a mechanism for nonmotile bacteria to spread across a surface more rapidly than is possible with linear radial growth. The rolling adhesion we demonstrate here requires weak adhesion and would be relevant in the early stages of biofilm formation. The rolling of microcolonies would be relevant after the formation of mature biofilms and apparently requires high shear stress together with substantial microcolony size to apply drag force sufficient to overcome adhesive interactions. Indeed, we observed some rolling of large pieces of FimH-hi microcolonies between 4 and 8 h that contributed to colony spread. The cellular and microcolony rolling appear to be distinct in terms of mechanism, but together they underlie the importance of rolling in the spread of biofilms.
The two modes of surface colonization-formation of tight microcolonies via strong adhesion and rapid spreading via weak rolling adhesion-may each be advantageous to the bacteria in different conditions. If the initial infection rate is high, as in most traditional biofilm experiments, the distance between initially adherent bacteria will be small and there would be no requirement for rapid spreading over large areas. In this case, strong adhesion is likely to be advantageous to maintain attachment. However, biofilms forming in vivo are likely to start with a small number of initially adherent bacteria that contaminated the surface prior to implantation or that evaded the immune response long enough to bind a surface. In addition, many implants and tissues are exposed to high levels of fluid flow (0.1 to 0.2 Pa in veins, 1 to 5 Pa in arteries [7, 15] , 0.3 to 0.5 Pa in the urethra during urination, and high shear due to a highly viscous and moving mucous layer in the intestines [5] ) that can prevent spreading via the reattachment of free-floating bacteria (references 8 and 54; also W. E. Thomas, Proceedings of the Third International Conference on Microchannels and Minichannels, Toronto, Ontario, Canada, 13 to 15 June 2005) For these reasons, bacteria in vivo may benefit if they can spread rapidly by rolling over the surface. It has been pointed out that there is a "race to the surface" between bacteria and host cells (13) .
Antiadhesive therapy-that is, methods to prevent adhesion-has been proposed as a way to combat bacterial infections, one that should be particularly useful as bacteria become increasingly resistant to antibiotics (38) . We observed that antiadhesive treatment could increase or decrease the rate of surface colonization. The antiadhesive treatment used in this work, ␣MM, is not metabolized by E. coli, nor is it toxic, and so it does not affect the rate of growth of E. coli in planktonic conditions and must act by altering adhesion. We have shown previously that soluble inhibitor is effective in detaching rolling bacteria (36) . Consistent with this, we observed here that ␣MM, even at a concentration below the IC 50 , was able to reduce colonization by FimH-wt E. coli. This result supports the conventional wisdom that inhibiting adhesion will limit biofilm formation. However, we also show here that the addition of a soluble inhibitor could enhance the rate of surface colonization for strong-binding bacteria. We found earlier that ␣MM was not very effective in detaching bacteria bound in a strong stationary mode of adhesion (36) . Instead of causing the FimH-hi E. coli cells to detach, the inhibitor appears to have caused them to roll slowly. This might be expected if the inhibitor greatly reduces the number of bonds that can form between bacteria and the surface, allowing the bacteria to creep forward as each force-bearing bond breaks, while in the absence of inhibitor, the many additional bonds restrict any movement from occurring when a bond breaks. This demonstrates that antiadhesion inhibitors can enhance the rate of surface colonization for strongly adherent bacteria. This study involved levels of inhibitor that were sufficient to inhibit most but not all initial adhesion in static conditions and shows that subinhibitory concentrations of antiadhesives pose risks just as sublethal concentrations of antibiotics do (17) . This work demonstrates that antiadhesive therapy must be approached with a quantitative understanding to avoid doing more harm than good. Because this observation was made for the constitutively active FimH-hi E. coli, the lesson is likely to apply universally to all strong receptor-ligand interactions.
